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Abstract 
The production of methane from the biopolymers; cellulose, hemicellulose and lignin, and also 
four different agricultural waste biomass samples was investigated using a two-stage pyrolysis-
catalytic hydrogenation reactor. The biomass agricultural waste samples were rice straw, 
willow, sugar cane bagasse and ugu plant. Pyrolysis of the biomass samples was carried out in 
a 1st stage reactor while the catalytic hydrogenation was carried out the 2nd stage reactor using 
a 10 wt.% Ni/Al2O3 catalyst maintained at 500 °C with heating rate of 20 °C  min
-1 and a H2 
space velocity of 3600 ml h-1 g-1catalyst. The thermal degradation characteristics of the biomass 
components, mixtures of the components and the biomass waste samples was also conducted 
using thermogravimetric analysis (TGA). TGA of the mixtures of the biomass components 
showed interaction, illustrated by a shift in the thermal degradation tempaertures for 
hemicellulose and lignin. The results from the pyrolysis-catalytic hydrogenation revealed that 
the methane yield increased in the presence of the catalyst; the methane yield obtained from 
the hemicellulose (7.9 mmoles g-1biomass) and cellulose (7.65 mmol g
-1
biomass) was significantly 
higher than that produced from lignin, (3.7 mmoles g-1biomass). The pyrolysis-catalytic 
hydrogenation of the mixtures of the biopolymers showed clear interaction, producing higher 
total gas yield and methane yield compared to calculated values. Pyrolysis-catalytic 
hydrogenation of the agricultural biomass wastes suggests that the product methane yield was 
influenced by the percentage of hemicellulose and cellulose content in the biomass. 
 






The environmental impact of climate change linked to fossil fuel use has resulted in intense 
interest in alternate renewable energy fuels. Lignocellulosic biomass is considered to be a 
major renewable energy resource because of its worldwide abundance and carbon neutrality 
[1, 2]. Biomass conversion methods include thermochemical conversion and bio-chemical 
conversion [3-6]. Recently conversion of lignocellulosic biomass into synthetic natural gas 
(methane) is receiving great interest, mainly because of the already well developed and 
organized infrastructure and distribution facilities for natural gas [7-8]. Most literature 
available on methane production from lignocellulosic biomass is carried out using bio-chemical 
conversion methods [9-11]. However, there are significantly fewer publications related to 
thermochemical conversion of lignocellulosic biomass to produce methane as substitute natural 
gas. Pyrolysis of biomass has been used to produce bio-oil, biochar and gas products. The gas 
products are high in carbon dioxide and carbon monoxide. However, a novel additional process 
step is to pass the evolved pyrolysis oils and gases as hot vapours directly to a catalytic 
hydrogenation reactor where the carbon oxides are hydrogenated in the presence of added 
hydrogen gas.  
Several studies have been performed to optimize CO2 and CO conversion to methane. 
Heterogeneous catalysts of VIIIB group metals such as Ni, Co, Fe, Ru, Rh, Pt, Pd have been 
investigated [12]. In addition, studies have been performed into the effect of the catalyst 
support material such as alumina, SiO2 and MCM-41, and it has been reported that the main 
drawback of using SiO2 and MCM-41 supports are their low stability. For example, it has been 
reported that SiO2 and MCM-41 sinters in the presence of water derived from the methanation 
reaction, while alumina is comparatively stable [13-14]. In our previous work comparison of 
different catalyst metals (Ni, Fe, Co, and Mo) loaded on Al2O3, SiO2 and MCM-41 support 
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material in relation to methane production was investigated. We showed that the highest 
catalytic activity and selectivity was observed with Ni metal loaded on the alumina support 
[15]. Similar results have been reported by Aziz et al., [16] where they reported the reduced 
catalytic activity of Fe and Mo compared to that of Ni. In the literature Ni, Ru and Rh are 
considered to be highly active and selective for methane production but, because of their higher 
cost, nickel-based catalysts are preferred.  
To further understand the biomass pyrolysis-catalytic hydrogenation process, it is of 
interest to investigate the influence of the main components of biomass, cellulose, 
hemicellulose and lignin, on the production of methane.  In general, most biomass composition 
is comprised of between 40-60 wt.% cellulose, 20-40 wt.% hemicellulose and 10-25 wt.% 
lignin [17]. It has been reported that the different biopolymers decompose over different 
temperature ranges [5]. Biomass thermal decomposition with increasing temperature involves 
initial moisture loss, followed by decomposition of   hemicellulose, followed by cellulose 
decomposition and finally lignin decomposes. Also, it has been reported that the pyrolysis of 
the different biomass components produces a different product slate. For example, lignin 
pyrolysis yields higher hydrogen and methane yield as compared to that of cellulose and 
hemicellulose, while higher CO and CO2 yield are obtained from cellulose and hemicellulose 
[5].  
This research reports on the production of methane using a two-stage pyrolysis-catalytic 
hydrogenation reactor system from cellulose, hemicellulose and lignin and from four different 
agricultural biomass wastes. The aim of the work was to identify which of the main biopolymer 
components of biomass contributes most CH4 during pyrolysis-catalytic hydrogenation. 
Mixtures of cellulose, hemicellulose and lignin components in different ratios were also studied 
to investigate any interaction between the components. In addition, the composition of the 
biomass wastes was estimated from thermogravimetric analysis and the analysis used to 
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understand the link between biomass composition and CH4 yield during pyrolysis-catalytic 
hydrogenation. The catalyst used for hydrogenation was a 10 wt.% nickel-alumina catalyst. In 
addition, the published mechanism of the catalytic hydrogenation of carbon oxides has also 
been discussed. 
 
Materials and Methods 
 
2.1 Biomass components and agricultural waste biomass samples 
 
The three main biomass components, cellulose, hemicellulose (xylan) and lignin were obtained 
from Sigma-Aldrich Ltd., UK. In addition, four different agricultural waste biomasses 
consisting of rice straw (Pakistan), sugar cane bagasse (Pakistan), ugu plant (Nigeria) and 
willow (UK) were investigated. The thermal degradation characteristics of the biomass 
components and different agricultural biomasses was determined using thermogravimetric 
analysis using a Schimadzu TGA-50. Elemental analysis (CHNO) was carried out using a 
Thermos EA2000 Analyzer. The results of ultimate analysis are shown in Table 1. Table 2 
shows the proximate analysis of the biomass components and agricultural waste biomasses, 
determined from TGA. 
  
2.2. Catalyst Preparation 
 
The catalyst used for the pyrolysis-catalytic hydrogenation experiments was 10 wt.% Ni/Al2O3. 
Nickel-alumina was chosen as the catalyst because of its reported high activity and selectivity 
towards methanation reactions [18]. Also, as mentioned before, the highest catalytic activity 
and selectivity for CH4 was achieved with the 10wt.% Ni/Al2O3 catalyst as reported in our 
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previous article [15]. The catalyst used was prepared by wet impregnation method. For the 
preparation of the catalyst; nickel nitrate hexahydrate Ni(NO3)2.6H2O from Sigma Aldrich, 
UK, Ltd was dissolved in 25 ml of deionized water under constant stirring for 30 min to obtain 
an aqueous solution. The alumina support was then added to the aqueous solution of 
Ni(NO3)2.6H2O and stirred continuously for another 30 min at room temperature. The 
temperature of the slurry was then increased by 15 °C after every 30 min until the water 
evaporated and a semi-solid slurry precursor catalyst was obtained. This precursor was then 
dried in an oven overnight at 105 °C followed by calcination at 550 °C in a calcination furnace 
for 3 h. The calcined catalyst was then ground and sieved to obtain a particle size of 50-212 
microns. The catalyst was reduced in a reduction furnace at 800 °C for 2 h in the presence of 
hydrogen (5 H2 and 95 % N2).  
 
2.3. Two-Stage fixed bed pyrolysis-catalytic hydrogenation reactor 
 
The pyrolysis-catalytic hydrogenation of the cellulose, hemicellulose and lignin and the four 
biomass samples was carried out in a two stage fixed bed reactor, pyrolysis-catalytic 
hydrogenation system. In addition, experiments were undertaken with different mixtures of 
cellulose, hemicellulose and lignin. Pyrolysis of the biopolymers and biomass samples took 
place in the first stage reactor and the evolved gases and vapors were passed directly to the 
second stage where catalytic hydrogenation took place in the presence of added hydrogen gas. 
A schematic diagram of the reactor system is shown in Figure 1. The reactor was constructed 
of stainless steel with a first stage of dimensions 25 cm long x 5 cm diameter and second stage 
of dimensions 32 cm long x 2 cm diameter. Each of the two stages were heated by two separate 
temperature-controlled furnaces.  Thermocouples monitored the biomass and catalyst 
temperatures. The biopolymer or biomass feed stock (1.0 g) was placed in a crucible suspended 
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in the centre of the first stage pyrolysis reactor and the 10 wt.% Ni/Al2O3) catalyst (1.0 g) was 
placed in the second stage reactor and held in place using stainless steel mesh and quartz wool. 
For comparison, clean washed quartz sand was substituted for the catalyst to determine the 
effect of pyrolysis-thermal cracking compared with the pyrolysis catalytic hydrogenation with 
the 10 wt.% Ni/Al2O3 catalyst. Inert carrier gas in the form of nitrogen with a flow rate of 60 
ml min-1 continuously flowed through the reactor system. The hydrogen for the catalytic 
hydrogenation was supplied directly in the second stage of the reactor by a Packard 9200 
Hydrogen generator with a H2 gas space velocity of 3600 ml h
-1 g-1catalyst. The 2
nd stage catalyst 
reactor was heated to 500 °C and once stabilized, the pyrolysis of the biopolymers and biomass 
was initiated, heating the sample from ambient temperature to a final temperature of 800 °C 
with heating rate of 20 °C min-1. These optimized conditions were selected based on data 
obtained from our previous report [15].  Dry ice condensers and water-cooled condensers were 
attached to the output of the reactors to condense the liquid products and the non-condensed 
gas product was collected in a 25 L TedlarTM gas sample bag. The total reaction time was 65 
min, after which the hydrogen was turned off and gas was collected in the gas sample bag for 
a further 20 min. To validate the experiments, initial experiments were repeated at least twice 
at 500 °C catalytic bed temperature with the Ni/Al2O3 catalyst. The measured concentrations 
of CO, CO2 and CH4 showed a very low standard deviation with all the biomass components 
investigated, demonstrating excellent experimental repeatability.  For example, standard 
deviations for CO, CO2 and CH4 gas concentrations in the case of lignin feedstock were 0.72, 
0.35 and 0.18 respectively. Hemicellulose feedstock showed standard deviations for CO, CO2 
and CH4 of 0.004, 0.288 and 0.04 respectively. While in the case of cellulose CO, CO2, and 
CH4 showed standard deviations of 0.049, 0.39 and 0.128 respectively. 
 




The gas product from the pyrolysis-catalytic hydrogenation of the biopolymers and biomass 
collected in the TedlarTM gas sample bag were analysed immediately after each experiment 
using packed column gas chromatography (GC). Hydrocarbon product gases were analyzed 
using a Varian CP-3380 GC equipped with a flame ionization detector (FID), having column 
dimensions of 2 m long x 2 mm diameter, with 80-100 mesh HayeSep packing and N2 as a 
carrier gas. Permanent gases (H2, O2, N2 and CO) were analyzed using a separate Varian CP-
3330 GC equipped with a thermal conductivity detector (TCD), having column dimensions of 
2 m length x 2 mm diameter, with 60-80 mesh HayeSep packing and Ar as a carrier gas. 
Because of the close retention times of CO and CO2, another Varian CP-3330 GC was used but 
operated at different chromatographic conditions. The product liquid consisting of product 
water and bio-oil was collected in the condensers. The liquid sample was dried via a sodium 
sulphate packed column to remove water and the bio-oil was analyzed using a Varian CP3800 
gas chromatograph coupled to a Varian Saturn 2200 GC-MS instrument equipped with DB-5 
capillary column of 30 m long x 0.25µm.  
Catalyst characterization included powder X-ray diffraction (XRD) using a Bruker D8 
powder X ray diffractometer, with CuKα radiation at 40 kV and 40 mA. The average crystal 
size of the active metal particles on the catalysts was determined from XRD data using the 
Debye-Scherrer equation [15]. The used catalysts were also analysed by temperature-
programmed oxidation (TPO) with a Shimadzu TGA 50 to determine the characteristics of any 
carbon deposited on the surface of catalyst. The used catalyst was heated from room 





3.0 Results and Discussion 
 
3.1. Pyrolysis-catalytic hydrogenation of cellulose, hemicellulose and lignin. 
 
The pyrolysis-catalytic hydrogenation of cellulose, hemicellulose (xylan) and lignin was 
performed in the two-stage fixed bed reactor in the presence of the 10 wt.% Ni/Al2O3 catalyst. 
The product yield and volumetric gas composition are presented in Table 3 and the gas yield 
in terms of mmol of gas g-1biomass is presented in Figure 2. Also shown are blank experiments, 
where quartz sand was substituted for the catalyst. Pyrolysis took place at a heating rate of 20 
°C min-1 to a final temperature of 800 °C. The temperature of the catalyst was 500 °C and the 
hydrogen input flow rate was maintained at 3600 ml h-1 g-1catalyst. Since pyrolysis was carried 
out in the 1st stage of the reactor at the same experimental conditions, therefore the char residue 
was the same for each of the biomass components irrespective of whether sand or catalyst was 
used in the 2nd stage.  Table 3 shows that the highest char residue was observed with lignin at 
39 wt.% followed by hemicellulose at 17 wt.% and cellulose at 13 wt.%. Higher char residue 
yield with lignin compared to hemicellulose and cellulose has been reported by other 
researchers [19-21].  The introduction of the 10 wt.% Ni/Al2O3 catalyst to the hydrogenation 
process produced an increase in gas yield compared to the blank sand experiments, particularly 
for the hemicellulose and cellulose, but only slightly for the lignin.  In the presence of the 
catalyst the liquid yield (oil and water) was increased for all of the biopolymers. Table 3 also 
shows the carbon distribution between the solid and gaseous products to produce a carbon 
balance. Quantitative analysis of the bio-oil proved too difficult due to the excessive product 
water produced and the losses of the bio-oil in the condenser transfer lines and therefore the 
contribution to the carbon balance could not be obtained. Table 3 shows that in the presence of 
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the catalyst, the gaseous yield increased significantly in the case of hemicellulose and cellulose 
while only a small change in the gas yield was observed with the lignin feedstock. The highest 
carbon distribution to the char was shown by lignin at 51.13 % followed by hemicellulose and 
cellulose at 35.27 % and 24.57 % respectively. Table 3 also shows that the CH4/CO and 
CH4/CO2 ratios increased in the presence of the 10 wt.% Ni/Al2O3 catalyst which indicates the 
promotion of the methanation reaction via producing increased yield of methane compared to 
the carbon oxides. The catalytic hydrogenation of the carbon oxides was also reflected in the 
relative gas volumetric concentrations shown in Table 3, where CH4 volumetric yields were 
markedly increased with a consequent reduction in CO and CO2 volumetric concentrations. 
Figure 2 presents the individual gas yields in mmoles g-1biomass  and shows that the 
addition of the 10 wt.% Ni/Al2O3 catalyst increased the methane yield from 2.3 mmoles g
-
1
biomass  to 3.7 mmoles g
-1
biomass  for the lignin. However, for the hemicellulose and cellulose the 
increase in methane yield in the presence of the catalyst was more pronounced, increasing from 
~1 mmoles g-1biomass to 7.9 mmoles g
-1
biomass and 7.65 mmoles g
-1
biomass respectively. The high 
CH4 yield was also reflected in the reduced yield of CO and CO2, confirming the catalytic 
hydrogenation of the carbon oxide gases.  
The condensed liquid consisted of mainly water which is the by-product of the 
methanation reaction with only a small quantity of bio-oil. Qualitative analysis of the bio-oil 
obtained from the pyrolysis-catalytic hydrogenation of biomass components was carried out 
using gas chromatography-mass spectrometry. The pyrolysis-catalytic hydrogenation of 
cellulose and hemicellulose produced an oil containing mainly phenol and phenol derivatives 
and lower concentrations of other oxygenated aromatic compounds. The main product derived 
from the pyrolysis-catalytic hydrogenation of lignin was a complex mixture of oxygenated 
aromatic compounds, including phenol, alkylated phenolic compounds and dibezofuran 
molecular weight. Stefanidis et al., [22] performed the pyrolysis of cellulose, hemicellulose 
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and lignin using ZSM-5 as the catalyst. They also reported the formation of phenol from 
thermal pyrolysis of cellulose and hemicellulose. Similarly, they reported the formation of 
complex phenolic (phenol with methoxy group) and benzenediols from the thermal pyrolysis 
of lignin.  
Analysis of the catalyst was carried out after the pyrolysis-catalytic hydrogenation of 
the different biomass components using X-ray diffraction to determine any sintering of the 
metal particles by comparing the particle size of reacted and fresh 10 wt.% Ni/Al2O3 catalysts. 
Results of the XRD analysis are shown in Figure 3. There was negligible change in the particle 
size seen after the catalytic hydrogenation of various biomass components. The Ni particle size 
of the fresh 10 wt.% Ni/Al2O3 catalyst was calculated as 8.3 nm, while the particle size of the 
reacted catalyst observed from the pyrolysis-catalytic hydrogenation of cellulose, 
hemicellulose and lignin was 8.2, 7.1 and 9.1 nm respectively. Therefore, it can be concluded 
that the catalyst was stable and no-sintering of the catalyst took place during the catalytic 
hydrogenation process under the experimental conditions used here. Temperature programmed 
oxidation of the used 10 wt.% Ni/Al2O3 catalysts was carried out to determine the weight loss 
data of the reacted catalyst to identify any carbon deposition on the catalyst. The results showed 
that there was negligible carbon deposited on the catalyst suggesting that any produced carbon 
on the catalyst reacted with input hydrogen during the catalytic hydrogenation process and 
produced methane. 
 
3.2 Pyrolysis-catalytic hydrogenation of biopolymer mixtures 
 
To determine any interaction between lignin, hemicellulose and cellulose, the pyrolysis-
catalytic hydrogenation of mixtures of the three biopolymers was undertaken. Hemicellulose 
consists of different branched saccharides and random amorphous structure facilitating 
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decomposition at lower temperature. The cellulose structure does not contain branched glucose 
structures instead it has a well ordered linear glucose-based structure contains the structure 
with good thermal stability. While lignin has an aromatic structure with various branches and 
strong chemical bonding and therefore decomposes over a wide temperature range [23]. 
Therefore, mixtures were based on changes in the content of lignin in the mixtures, ranging 
from 100, 60, 40 and wt.% lignin with a balance made-up of equal quantities of cellulose and 
hemicellulose. Initial experiments examined the thermal decomposition (pyrolysis) of the 
different mixtures using thermogravimetric analysis. Thermogravimetric analysis of the 
different biomass component mixtures is shown in Figure 4(a). It can be observed that the 
highest weight loss was obtained with the lowest percentage of lignin in the component 
mixture. When 100 wt.% lignin was used, the maximum weight loss percentage obtained was 
around 40 % but when lignin was present in the mixture at 20 wt.% and the balance was 
hemicellulose and cellulose, the total weight loss increased to around 22 %. It is also evident 
that the lignin continues to decompose over a wider temperature range and a sharp increase in 
weight loss was observed at around 270 °C. However, with the introduction of cellulose and 
hemicellulose to the lignin, a sharp decline in the weight loss peak was observed at around 220 
°C.  The TGA/DTG thermograms of pure cellulose, hemicellulose and lignin have been 
reported and discussed in the literature and differences have been attributed to differences in 
degradation behaviour of the different biomass components due to the differences in chemical 
structure [13, 24].  But, for ease of comparison with the biomass component mixtures in Figure 
4, the TGA and DTG results for the individual, cellulose, hemicellulose and lignin are shown 
here in Figure SI 1(a) and SI 1(b) in the Supplementary Information. Figure SI 1(a) and SI 1(b) 
thermograms show that the initiation of decomposition of hemicellulose starts at a temperature 
of 210 °C with the maximum weight loss in the temperature range of 220 °C ― 380 °C. 
Cellulose starts to decompose at ~270 °C and maximum weight loss in the temperature range 
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between 280 °C ― 440 °C. Lignin however decomposed over a wide temperature range with 
maximum weight loss observed in the temperature range of 250 ― 500 °C.  
Figure 4(b) shows the DTG thermograms for the different mixtures of lignin and 
cellulose/hemicellulose. The DTG thermograms show 3 distinct peaks, two peaks (1st and 2nd 
peaks) below 327 °C which corresponds to the hemicellulose weight loss while the peak above 
327 °C corresponds to the cellulose and some lignin weight loss. DTG analysis shows that with 
the increase of cellulose and hemicellulose in the mixture the 3rd DTG peak (above 327 °C) 
shifted towards a lower temperature of decomposition while the 1st and 2nd DTG peaks (below 
327 °C) shifted slightly towards higher temperature of decomposition showing the interaction 
between the biomass components. According to Liu et al., [24] changes in thermal 
decomposition for biomass decomposition as determined by TGA/DTG that appear below 327 
°C are because of the interaction of lignin with hemicellulose while changes in TGA/DTG 
thermograms above 327 °C are mainly because of interaction of hemicellulose with cellulose 
and to a lesser extent hemicellulose with lignin. The interaction of lignin, hemicellulose and 
cellulose using TGA/DTG systems has also been reported by other researchers [25-27]. For 
example, Worasuwannarak et al., [26] reported significant interaction between biomass 
components during pyrolysis, suggesting that interaction between cellulose and lignin 
increased the char yield and decreased tar yield. Yu et al., [27] studied the interaction between 
biomass components by comparing the predicted results from the data obtained from the 
individual biomass components. They reported no significant difference was observed in the 
case of a cellulose-lignin blend. But, when they studied the pyrolysis of three biomass 
components together, an increase in char yield was observed as compared to that of the 
predicted values.  Burhenne et al., [25] used TGA and a fixed bed reactor with different biomass 





To verify the effect of lignin content on the mixtures of cellulose/hemicellulose with 
lignin from the pyrolysis catalytic hydrogenation process for methane production, experiments 
were undertaken using the two-stage pyrolysis-catalytic hydrogenation reactor system. The 
percentage content of lignin in the mixture was the same as that used with the TGA 
experiments, i.e. 100 wt.%, 60 wt.%, 40 wt.% and 20 wt.% lignin with the balance made up of 
an equal mass of cellulose and hemicellulose. All the experiments were conducted in the 
presence of the 10 wt.% Ni/Al2O3 catalyst with a final 1
st stage pyrolysis temperature of 800 
oC and catalytic hydrogenation temperature of 500 °C. The H2 space velocity was kept constant 
at 3600 ml h-1 g-1 catalyst.  The product yield and gas compositions are shown in Table 4. The 
results show that the char residue yield decreased from 39 wt.% to 22 wt.% with the decrease 
in lignin content in the component mixture. There was a corresponding increase in liquid yield 
from 17 wt.% to 35 wt.% and increase in gas yield from 45.8 wt.% to 59.8 wt.% with the 
decrease in lignin content. The distribution of carbon between solid and gaseous products was 
determined by calculating a carbon balance and the results are shown in Table 4. It can be seen 
from Table 4 that with the decrease of percentage lignin in the mixture from 60 wt.% to 20 
wt.% in the bi-polymer mixtures, the percentage of carbon in the gas fraction increased 
significantly from 13.19 % to 29.64 % showing the conversion of higher molecular weight 
hydrocarbons into lower molecular weight gaseous hydrocarbons. Also, the distribution of 
carbon in the char reduced from 51.13 % to 34.66 % with the decrease of lignin and increase 
in cellulose and hemicellulose in the bi-polymer mixture composition.  
The results from the TGA/DTG experiments with the different biopolymer mixtures 
reported earlier, suggested some interaction of the components with shifts in the temperature 
of decomposition for the hemicellulose and cellulose components in particular. Figure 5 shows 
the individual gas composition in mmol g-1biomass in relation to the decrease in lignin content in 
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the biopolymer component mixtures from 100 wt.% to 20 wt.%. It can be observed that the 
methane yield increased from 3.73 mmol g-1biomass with the 100 wt.% lignin to significantly 
higher yields of methane when hemicellulose and cellulose were added to the biopolymer 
mixture, linked to the promotion of reforming and methanation reactions. The results of the 
pyrolysis-catalytic hydrogenation of the lignin with hemicellulose/cellulose mixtures shown in 
Table 4 and Figure 5 exhibited a synergistic interaction of the biopolymers. Figure 6 shows the 
total gas yield and the methane yield in the form of a comparison of the calculated and 
experimental results for the pyrolysis-catalytic hydrogenation of biomass components with 
different lignin percentage in the mixture.  The calculated data were based on the total gas 
yields and methane yields obtained from the pyrolysis-catalytic hydrogenation of the individual 
lignin, hemicellulose and cellulose and their relative compositions in the biopolymer mixture. 
Figure 6 shows that the experimentally determined total gas yield and methane yield in terms 
of mmol CH4 g
-1
biomass were significantly higher compared to the expected values calculated 
from the pyrolysis-catalytic hydrogenation of the individual biopolymers shown in Table 3 and 
Figure 2.  For example, the calculated methane yield values as mmol CH4 g
-1
biomass for 60 wt.%, 
40 wt.% and 20 wt.% lignin content were 5.35, 6.15 and 6.96 mmol CH4 g
-1
biomass respectively. 
However, the experimentally obtained methane yield values at 60 wt.%, 40 wt.% and 20 wt.% 
lignin content were significantly higher at 6.80, 6.84 and 7.36 mmol g-1biomass respectively.   
 
3.3 Product yield from the catalytic hydrogenation of agricultural biomass waste. 
 
The pyrolysis-catalytic hydrogenation of the four agricultural waste biomass samples was 
undertaken to determine their methane yields. However, initial work was carried out to 
determine their thermal degradation profiles using TGA. The TGA and DTG thermograms of 
the different agricultural waste biomass types used in this work are shown in Figure 7. It can 
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be observed from the TGA decomposition behavior that agricultural waste biomasses 
decompose in the range of decomposition temperatures shown by the biomass components. 
The decomposition of the agricultural waste samples may be linked to the decomposition of 
the biomass components of the biomass [17]. For example, the DTG thermograms of some 
agricultural waste biomasses exhibited more than one peak which indicates the presence of the 
biomass components, cellulose, hemicellulose and lignin in the waste biomass. The 
composition of a wide range of biomass types in relation to the various proportions of cellulose, 
hemicellulose and lignin have been reported in the literature. For example, it has been reported 
that sugarcane bagasse on average contains 23-32 wt.% of lignin and 19-24 wt.% of cellulose 
and 32-48 wt.% hemicellulose. Willow contains around 20 wt.% of lignin and 49 wt.% of 
cellulose and 14 wt.% of hemicellulose. While rice straw has been reported to contain 18 wt.% 
of lignin, 32 wt.% cellulose and 24 wt.% of hemicellulose  [28-30]. No data on the biopolymer 
composition of ugu plant could be found in the literature. 
The DTG thermograms of the agricultural waste biomasses show that the highest 
weight loss peak was observed with the willow and sugar cane bagasse in the temperature range 
of 350 – 400 oC which is linked to the presence of a higher percentage of cellulose compared 
to that of ugu plant and rice straw. Varhegyi et al., [31] studied the thermal decomposition 
behavior of sugar cane bagasse using TGA and also observed three thermal degradation peaks. 
They suggested that the first two peaks were attributed to the presence of hemicellulose while 
the third peak was attributed to the presence of cellulose. Bridgeman et al., [29] reported that 
willow contains a high percentage of cellulose and lignin and lower quantities of hemicellulose. 
Similarly, in our results, one single large DTG peak was observed in the range of 350-400 oC 
attributed to the presence of more cellulose as compared to that of hemicellulose. In the case 
of rice straw and ugu plant biomasses, thermal degradation starts at a lower temperature 
compared to that of willow. Which suggests the presence of some hemicellulose in the biomass. 
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However, the maximum peak was observed at 300-400 oC showing the overlapping of 
hemicellulose and cellulose thermal degradation. Huang et al., [32] performed TGA of rice 
straw and stated that cellulose is the main component of rice straw. Since ugu plant showed 
almost the same behavior to that of rice straw it can be suggested that cellulose is also the main 
component of ugu plant. 
The pyrolysis-catalytic hydrogenation of agricultural waste biomass was performed in 
the two-stage fixed bed reactor and the results of product yield and gas composition are shown 
in Table 5. The experiments were performed using 10 wt.% Ni/Al2O3 catalyst in the 2
nd stage 
of the reactor with a catalytic hydrogenation temperature at 500 °C and a final pyrolysis 
temperature of 800 °C. The results show that the highest char yield was produced by rice straw 
at 28 wt.% while the lowest char yield was produced by willow and sugar cane bagasse at 23 
wt.%. The highest liquid yield was obtained with sugarcane bagasse at 32 wt.% and the lowest 
was shown by rice straw at 18 wt.%. This is in agreement with the TGA and DTG thermograms 
shown in Figure 7. As shown in Table 5 the maximum CH4/CO ratio was shown by ugu plant 
which can be attributed to the limited formation of CO from biomass. The differences in 
volumetric methane gas composition for the different biomass samples was similar at ~70 
vol.% of CH4.  
Figure 8 shows the gas yield in terms mmoles g-1biomass from the agricultural biomass 
samples. The highest methane yield was shown by willow at 8.87 mmol g-1biomass. Methane 
yield decreased in the following order willow > sugarcane bagasse > ugu plant > rice straw.  
Also, the highest CO2 and CO at 2.2 mmoles g
-1 biomass and 1.7 mmoles g
-1 biomass was shown by 
willow. These results are linked with the TGA and DTG data and physio-chemical properties 
reported in Table 1 and Table 2, suggesting that the composition of willow and sugarcane 
bagasse are similar while rice straw and ugu plant are different from the other two biomasses. 
In particular, the higher volatile content of willow and sugarcane bagasse suggests a high 
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content of hemicellulose and lignin, as also suggested by the TGA/DTG results. Figure 2 shows 
that a hemicellulose and cellulose produce significantly higher yields of methane compared to 
lignin. Therefore, the higher yield of methane from willow and sugarcane bagasse is indicative 
of a higher hemicellulose and cellulose content of these two biomass types.    
 
3.4 Reaction Mechanism 
 
The various mechanistic steps involved in the overall process of biomass pyrolysis, thermal 
cracking and catalytic hydrogenation have been proposed separately by several authors [33-
38]. The mechanism of pyrolysis of biomass by thermal degradation of biomass into solid 
biochar, bio-oil and gaseous products via pyrolysis is shown in equation 1 [33]. The evolved 
bio-oil vapours and pyrolysis gases from the 1st stage pyrolysis reactor enters the catalytic 
reactor in the presence of added hydrogen and undergoes thermal cracking to convert the higher 
hydrocarbons into H2, lower hydrocarbons including CH4 and carbon oxides (Equation 2). The 
CO2 and CO derived directly from biomass pyrolysis and also from thermal cracking reactions 
of the pyrolysis vapours are catalytically hydrogenated with the added hydrogen to produce 
CH4 (equations 3 and 4).  𝐵𝑖𝑜𝑚𝑎𝑠𝑠 → 𝐻2𝑂 + 𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝑥𝐻𝑦𝑂𝑧 + 𝐶𝑥𝐻𝑦 +  𝐶ℎ𝑎𝑟 (Equation 1) 𝐶𝑥𝐻𝑦𝑂𝑧  → 𝐻2𝑂 + 𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝐶𝑚𝐻𝑛   (Equation 2) 𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂      (Equation 3) 𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂      (Equation 4) 
It has been reported that during CO2 and CO disassociation over the catalyst, 
oxygenated species are formed as intermediate products. In the literature it has been reported 
that during CO dissociation over Ni/Al2O3 catalyst a methoxy group is formed as an 
intermediate product. According to Pan et al., [34] oxygenated intermediates are formed during 
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CO2 disassociation. They reported the formation of intermediate carbonate and formate over 
the basic sites of the catalyst. During the methanation process, H2 is activated over Ni species, 
suggested from previous studies performed by Garbarino et al [35] who carried out the 
methanation reaction over non-reduced Ni catalysts. They also observed inactivity of the 
catalyst with the non-reduced catalyst [35].  But for the conversion of CO2 to methane, the 
interaction of a metal with the support is required or the size of the metal particle should be 
sufficiently high. According to Garbarino et al., [35] a strong interaction between Ni and 
support is required to convert CO2 directly or indirectly (intermediate CO formation) into 
methane. This avoids the desorption of the carbon oxides. The detailed methanation reaction 
mechanism is reported to involve three reaction steps, adsorption, surface reaction and 
desorption (Equations 5 – 14). The first step includes the adsorption of reactant gases on the 
active sites of the catalytic surface. In this process, adsorption of CO and dissociative 
adsorption of hydrogen and CO2 takes place and results in the formation of hydrogen atoms, 
adsorbed CO and oxygen atoms (eqs. 5 - 7). Some studies have proposed that the CO2 
methanation reaction proceeds without dissociation of CO2 into COads [36]. While Eckle et al., 
[37] studied the intermediate and side products formation during the CO2 methanation reaction 
and reported that the CO2 methanation reaction takes place via CO2 dissociation to COads. They 
suggested that the formation and decomposition of formate species, produced during the direct 
conversion of CO2 to methane, plays a very minor role in CO2 methanation. The second step 
involves surface reactions where adsorbed CO reacts with atomic hydrogen to undergo 
methanation. There are some studies which suggest that the direct dissociation of CO into CHx 
without the formation of any hydrogen assisted intermediates. While Ojeda et al.,[38] provided 
the theoretical and experimental evidence for CO dissociation through hydrogen assisted 
intermediates into methane. They proposed that hydrogen assisted CO dissociation is more 
feasible because of the relatively lower activation energy barrier as compared to unassisted CO 
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dissociation. HCOad was observed as an intermediate product during CO methanation reaction 
(eq. 8). Functional groups (HCOad) continue to combine with hydrogen atoms to release oxygen 
atoms and ultimately results in the formation of CHx (eq. 9). Water formation during the 
methanation reaction is irreversible because of the relatively higher activation energy barrier 
of the reverse reaction. The oxygen atoms (O*) produced react with hydrogen atoms (H*) to 
produce OH* and this OH* further hydrogenates to produce water (eq. 11 and eq. 12). The 
third step in the detailed reaction mechanism is the desorption stage where the produced CH4 
and H2O desorbs from the catalyst surface (eq. 13) and (eq. 14) leaving behind the active sites 
for the remaining gases to adsorb on the catalyst surface. 
Adsorption Reaction: 𝐶𝑂2 + ∗ → 𝐶𝑂∗ +  𝑂∗     (Equation 5) 𝐶𝑂 + ∗ →  𝐶𝑂∗     (Equation 6) 𝐻2 + 𝑥 ∗→ 𝑥𝐻∗     (Equation 7) 
Surface Reaction: 𝐶𝑂∗ +  𝑥𝐻∗ → 𝐶𝐻𝑥𝑂∗ + 𝑥∗    (Equation 8) 𝐶𝐻𝑥𝑂∗ + 𝐻∗ → 𝐶𝐻𝑥+1∗ + 𝑂∗    (Equation 9) 𝐶𝐻𝑥+1∗ + (3 − 𝑥)𝐻∗ →  𝐶𝐻4∗ + (4 − 𝑥) ∗  (Equation 10) 𝐻∗ + 𝑂∗ → 𝑂𝐻∗ +∗     (Equation 11) 𝑂𝐻∗ + 𝐻∗ → 𝐻2𝑂∗ +∗    (Equation 12) 
Desorption Reaction: 𝐶𝐻4∗  → 𝐶𝐻4 + ∗     (Equation 13) 𝐻2𝑂∗  →  𝐻2𝑂 + ∗     (Equation 14) 
 
The results reported here show that it is possible to generate significant quantities of 
methane from waste biomass. Production of methane as a substitute natural gas has advantages 
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in that the product gas can be distributed via the already existing natural gas infrastructure and 
distribution facilities available in most countries [7,8]. A further advantage is that the substitute 
natural gas would be derived from sustainable biomass feedstock, rather than fossil fuel natural 
gas. The source for the hydrogen for the catalytic hydrogenation of the biomass pyrolysis gases 
is an issue. However, production of hydrogen from water by electrolysis using off-peak 
electricity generated from renewable sources such as wind, wave and solar power is a potential 




In this study, we have reported on the influence of biomass components, cellulose, 
hemicellulose and lignin for the production of methane (synthetic natural gas) by a  pyrolysis-
catalytic hydrogenation process in a two-stage reactor. To understand the role of each 
component of biomass for methane production, each biomass component was studied 
separately and in the form of mixtures.  In addition, four different agricultural waste biomasses 
were also studied to estimate the effect of biomass composition on methane production. 
The results showed that with the addition of a 10 wt.% Ni/Al2O3 catalyst, methane 
production was enhanced significantly compared to a baseline non-catalytic process (quartz 
sand substituted for the catalyst). For example, in the absence of any catalyst the highest CH4 
yield was produced from lignin at 2.2 mmoles g-1biomass and with hemicellulose and cellulose 
the CH4 yield was ~1 mmoles g
-1
biomass. However, with the addition of the 10 wt.% Ni/Al2O3 
catalyst, the CH4 yield for lignin increased to 3.7 mmoles g
-1 biomass, but markedly higher 
methane yields were obtained for hemicellulose (7.9 mmoles g-1 biomass) and cellulose (7.65 
mmoles g-1 biomass). 
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The pyrolysis-catalytic hydrogenation of different mixtures of the biomass components 
showed that the presence of hemicellulose and cellulose were the main controlling factor in 
terms of methane gas yield, since these two components produced significantly more methane 
than lignin. Experiments using mixtures of lignin with hemicellulose/cellulose with different 
lignin contents using TGA showed interaction between the components with a shift in the 
thermal decomposition temperature for both hemicellulose and cellulose. The interaction 
between biomass components using TGA was also observed for the pyrolysis-catalytic 
hydrogenation experiments in the two-stage reactor system. The total gas yield and also the 
methane yield showed a significant increase for the experimental values compared to the 
calculated yields based on the pyrolysis-catalytic hydrogenation of the individual biopolymers. 
For the pyrolysis catalytic hydrogenation of agricultural waste biomass, the highest methane 
yield was observed with the willow and sugarcane bagasse while the minimum was observed 
with rice straw. The higher yield of methane from willow and sugarcane bagasse was linked to 
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Figure 1. Schematic diagram of the two-stage fixed bed pyrolysis- catalytic hydrogenation 
reactor.  
Figure 2. Gas yield from the pyrolysis-catalytic hydrogenation of cellulose, hemicellulose and 
lignin (mmol g-1 biomass)  
Figure 3. Comparison of XRD pattern between fresh catalyst and reacted catalysts from 
pyrolysis-catalytic hydrogenation of cellulose, hemicellulose and lignin (catalytic bed 
temperature (500 °C))  
Figure 4. Thermograms of mixtures of biomass components with varied lignin percentage in 
the mixture, (a) TGA and (b) DTG thermograms 
Figure 5. Gas yield from the pyrolysis-catalytic hydrogenation of biomass components with 
different lignin percentage in the mixture  
Figure 6. Comparison of calculated and experimental (a) total gas yield and (b) methane yield 
results for the pyrolysis-catalytic hydrogenation of biomass components with different 
lignin percentage in the mixture. 
Figure 7. Thermograms of agricultural waste biomasses (a) TGA and (b) DTG thermograms. 






















Figure 2. Gas yield from the pyrolysis-catalytic hydrogenation of cellulose, hemicellulose 







Figure 3. Comparison of XRD pattern between fresh catalyst and reacted catalysts from 
pyrolysis-catalytic hydrogenation of cellulose, hemicellulose and lignin (catalytic bed 






Figure 4. Thermograms of mixtures of biomass components with varied lignin percentage in 





Figure 5. Gas yield from the pyrolysis-catalytic hydrogenation of biomass components with 





Figure 6. Comparison of calculated and experimental (a) total gas yield and (b) methane 
yield results for the pyrolysis-catalytic hydrogenation of biomass components with different 





























(k Cal. kg-1) 
NCV 
(k Cal. kg-1) 
Cellulose 43.26 6.41 0.29 50.04 0.00 5751 5422 
Hemicellulose 43.12 6.70 0.31 49.87 0.00 5840 5496 
Lignin 61.16 5.14 1.22 31.05 1.43 6819 6555 
Willow 46.86 5.77 0.75 46.62 0.00 5827 5531 
Rice straw 39.97 5.35 2.76 51.92 0.00 5118 4843 
Ugu Plant 39.99 5.33 3.53 51.15 0.00 5113 4839 


















Cellulose 4.7 84.2 9.8 1.3 
Xylan 3.3 82.2 12.1 2.3 
Lignin 3.4 57.5 34.1 5.0 
Willow 6.6 84.4 7.0 2.0 
Bagasse 6.1 88.0 4.3 1.6 
Rice straw 7.8 71.3 16.3 4.6 




Table 3. Product yield and volumetric gas composition of the gases from pyrolysis-catalytic 
hydrogenation of cellulose, hemicellulose and lignin. 
 Lignin Hemicellulose Cellulose 
 Sand Catalyst Sand Catalyst Sand Catalyst 
Product yield (wt.%)       
  Gas 44.5 45.8 47.3 57.4 55.3 60.6 
  Liquid 25.0 17.0 44.0 28.0 39.0 25.0 
  Solid 39.0 39.0 18.0 18.0 13.0 13.0 
Carbon Balance (%)       
Gas  11.95 13.19 16.03 33.34 21.85 35.00 
Solid  51.13 51.13 35.27 35.27 24.57 24.57 
Gas ratios       
  CH4/CO 0.84 1.64 0.38 4.50 0.26 3.39 
  CH4/CO2 2.18 5.12 0.52 3.90 4.36 3.78 
Gas composition (vol.% H2 free basis)  
  CH4 35.8 53.5 17.2 67.6 13.3 64.2 
  CO 42.5 32.5 43.5 15.0 50.3 18.9 
  CO2 16.4 10.4 32.5 17.4 30.6 16.9 
  CnHm 5.2 3.6 6.4 ND 5.7 ND 






Table 4. Mass balance and gas composition of the gases from pyrolysis-catalytic hydrogenation of biomass components with varied lignin 
percentage in the mixture. 
Biomass component Percentages (%) 
 100 % lignin 
60 wt.% lignin 
20 wt.% cellulose 
20 wt.% hemicellulose 
40 wt.% lignin 
30 wt.% cellulose 
30 wt.% hemicellulose 
20 wt.% lignin 
40 wt.% cellulose 
40 wt.% hemicellulose 
Product yield (wt.%)     
  Gas 45.8 57.4 55.9 59.8 
  Liquid 17.0 34.0 30.0 35.0 
  Solid  39.0 31.0 26.0 22.0 
Carbon Balance (%)     
Gas  13.19 23.35 24.75 29.64 
Solid 51.13 46.98 42.32 34.66 
Gas ratios     
  CH4/CO 0.84 3.01 3.1 2.98 
  CH4/CO2 2.18 4.71 4.8 4.78 
Gas composition  (vol.% H2 free basis) 
  CH4 35.8 63.4 64.2 64.0 
  CO 42.5 21 20.9 21.4 
  CO2 16.4 13.5 13.4 13.3 




Table 5. Product yield and volumetric gas composition of the gases from pyrolysis-catalytic 
hydrogenation of agricultural waste biomasses. 




Rice Straw Ugu Plant  
Product yield (wt.%) 
  Gas 60.4 59.3 54.7 53.4 
  Liquid 28.0 32.0 18.0 28.0 
  Solid 23.0 23.0 28.0 27.0 
Gas ratios 
  CH4/CO 5.3 5.5 5.6 6.5 
  CH4/CO2 4.0 3.6 3.8 3.8 
Gas composition (vol.% H2 free basis) 
  CH4 68.7 68.2 68.1 69.7 
  CO 12.9 12.3 12.2 10.8 
  CO2 17.5 18.9 17.8 18.5 







Pyrolysis-Catalytic Hydrogenation of Cellulose-Hemicellulose-Lignin and Biomass 
Agricultural Wastes for Synthetic Natural Gas Production. 
 
Figure SI 1(a) TGA and SI 1(b) DTG thermograms of cellulose, hemicellulose and lignin 
(heating rate 20 oC min-1). 
